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In this paper, the hot compressive deformation characteristics of a Mg–10Gd–3Y–0.5Zr (GW103K) alloy have been investigated by isothermal
compression test at the temperature range of 350–4501C and strain rate range of 0.0001–0.1s1. True stress–strain relationships at various strain
rates showed the typical strain hardening and softening stage which is indicative of dynamic recrystallization during deformation. The results
showed that the peak stress was obviously dependent on temperature and strain rate. A constitutive equation to describe the deformation process
was established based on the hyperbolic sine function. The stress exponent n and apparent activation energy Q were determined to be 3.018 and
203.947 kJ/mol, respectively. Microstructure investigation showed that dislocation slipping was the dominant deformation mechanism during the
hot deformation at all conditions. However, at the temperatures lower than 400 1C and strain rates higher than 0.01s1, twinning was observed to
be activated, which indicated another deformation mechanism. Dynamic recrystallization and dynamic precipitation were found to occur
simultaneously under such deformation condition.
& 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Magnesium alloy, as a lightweight structural material with
high performance in die-casting, heat conduction, toughness
and eco-friendliness, has attracted special concerns in weight-
reduction areas, like automotive and aerospace [1–4]. Rare-
earth elements with high melting point and strong interatomic
force have high solubility limit in Mg alloys and the solubility
decreases with temperature obviously. Comparing to conven-
tional Mg alloys with the alloying of Al, Zn and Zr, the alloys
with speciﬁc rare-earth elements show higher strength, creep
resistance both at room and elevated temperatures [5–7]. The
Mg–Gd–Y–Zr (GWK) alloy, improved by solution strengthen-
ing and precipitation strengthening, has showed promising
results as a kind of high strength and heat resistant alloy [7,8].
In recent years, many investigations paid much attention on
the development of Mg–Gd–Y–Zr series alloy [1–3]. Among/10.1016/j.pnsc.2016.01.010
16 The Authors. Production and hosting by Elsevier B.V. on behalf
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.these alloys, wrought Mg alloys such as GW83K and
GW103K alloy, were also developed for better combination
of strength and ductility after deformation. However, the
deformation processes, which will have great inﬂuence on
the microstructure of the alloys, were not yet completely clear.
Hot deformation is always the preference for shaping
polycrystalline Mg alloys rather than deformation at room
temperature as Mg has the typical hexagonal close-packed
crystal structure with limited slip systems at room temperature
[6,9]. With temperature increasing, more deformation mechan-
isms occur simultaneously rather than the basal slip and
twinning at low temperature. During a wide range of inter-
mediate and high temperature, intragranular dislocation ﬂow in
control of viscous drag glide or climbing dominates the
processing. At even higher temperature, the situation becomes
more complex and grain boundary gliding may control the
deformation [10–12]. In addition, during the hot deformation
of the Mg alloys with low stacking fault energy, dynamic
recrystallization is another considerable process that the
formation of the ﬁne grains takes place over the original
grains [13–15].of Chinese Materials Research Society. This is an open access article under the
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Fig. 1. Schematic illustration of compression sample extracted from the
extruded rod.
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GW103K alloy deformed at temperature 350–450 1C and
strain rate 104–101 s1 has been investigated. The inﬂu-
ence of temperature and strain rate on ﬂow stress has been
analyzed by the true strain–stress curves and constitutive
equation, and the microstructural evolution at various tem-
peratures is also investigated.
2. Experimental procedure
The as-received GW103K alloy was an extruded rod with a
diameter of 20 mm. The cylindrical samples with a diameter
of 8 mm and a height of 12 mm were machined from the
extruded rod and solution treated at 500 1C for 2 h before
compression.
The compression direction was parallel to extrusion direc-
tion, as shown in Fig. 1. Uniaxial compression tests were
conducted at true strain rates of 104–101 s1 and tempera-
ture range of 350–450 1C on the Gleeble-3500 simulation
machine. The samples were ﬁrstly heated up to the deforma-
tion temperature at a heating rate of 4 1C/s and then held
isothermally for 30 s prior to isothermal compression. A
graphite lubricant was used between the sample and the
crosshead in order to reduce the deformed friction. After
deformation, all samples were quenched in cold water imme-
diately to maintain deformed microstructures.
The specimens for microstructure analysis were sectioned in
the center parallel to the compression axis. 4 vol% HNO3 with
ethanol for 15 s or 20 ml acetic acidþ1 ml nitric acidþ60 ml
ethylene glycol for about 90 s were used as the etching
treatment for metallographic analysis with an Zeiss optical
microscope (OM). The grain size was determined using a
linear intercept method from a large number of non-
overlapping measurements. TEM was used for analysis of
the substructures and precipitates accordingly. To prepare
TEM specimens, a foil was ﬁrstly machined from the center
of samples longitudinally and mechanically grinded to about
100 mm. A few ɸ3mm disks were cut from the center of the
polished foil and continue thickness reduction to get obser-
vable thin area by twin-jet electro-polishing. 4% perchlorate
alcohol solution was used as electrolyte. EBSD was conducted
to identify twinning type. The samples for EBSD observation
were prepared by gradual grinding to 4000, diamond solution
polishing to 1 mm and OPS solution polishing. Finally, a very
quick etching was necessary to relieve the residual stress on
the surface before observation. The etching solution was 5 ml
nitric acidþ15 ml acetic acidþ20 ml waterþ60 ml alcohol.
3. Results and discussion
3.1. Microstructure before deformation
The composition of the as-extruded GW103K used in the
present study was Mg–9.22Gd–2.94Y–0.46Zr. The longitudi-
nal microstructures of the as-extruded and solution treated
samples are shown in Fig. 2. As can be seen, the average grain
size d (d¼1.74 L; L is the linear intercept size) grew greatlyfrom 18 μm to 100 μm. After the solution treatment at 500 1C
for 2 h, the microstructure inhomogeneity inheriting from the
extruded rod was changed and improved comparatively. Very
few amounts of second phases with cuboid shape [7] were
distributed along extrusion direction.3.2. Flow behavior
The typical ﬂow curves of as-extruded GW103K alloy at
different deformation temperatures and strain rates are shown in
Fig. 3. All the curves exhibit peak stresses which is indicative of
dynamic recrystallization(DRX). The compression process
according to the ﬂow curves is described as: at the very
beginning of deformation, strain hardening caused by disloca-
tion pile-ups dominates until the peak stress when softening
mechanism (DRX) gradually take the lead and the curves fall
towards a steady state. Despite of the same curve trend, the
inﬂuence of deformation conditions on the ﬂow behavior is
obvious.
The peak stress between 10 and 230 Mpa and peak strain
between 0.02 and 0.2 decrease with the increase of temperature
and the decrease of strain rate as demonstrated in Fig. 4. The
peak stress is a balanced hardening result, which is indicative
of deformation mechanism. With the increase of temperature
and decrease of strain rate, non-basal slip systems is activated
more easily and the rate-controlling mechanism likely change
from basal slip to cross slip even climbing. The peak strain is a
reﬂection of kinetics of DRX for the onset of DRX takes place
a bit before the peak [16]. With temperature increasing, the
subgrain formation associated with non-basal slipping starts
more easily and the peak appears earlier. Lower strain rate
offers DRX enough time to release the stored stress, and this
makes the peak move to the small strain direction.
Besides, the downward trend is evidently changed with
strain rate. Typically, when _ε¼101 s1, the curves declines
in a smooth way to a steady-state. By contrast, a sharp peak is
obviously noticed when _ε¼104 s1. As we all know, the
softening is caused by DRX that needs time to ﬁnish
nucleation and growth. The slower the deformation is, the
more sufﬁciently the DRX proceeds and more apparently the
effect of softening is at the same strain.
EDED
Fig. 2. Initial longitudinal microstructures of samples: (a) As-extruded (b) Solution treated at 500 1C for 2 h.
Fig. 3. True stress–strain curves of GW103K alloy under various temperatures and strain rates.
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The hyperbolic sine function (Eqs. (1), and (2)) proposed by
Sellars and Tegart [17] is suitable to build the constitutive
equation, and the results are reasonably reliable [8,18–20].
_ε ¼A sinh αsð Þ½ nexp  Q
RT
 
ð1Þ
Z¼ _ε exp ðQ=RTÞ ¼A sinh αsð Þ½ n ð2Þwhere _ε (s1) is the strain rate. T (K) is the deformation
temperature. Z (the Zener–Hollomon parameter, s1) is the
temperature-corrected strain rate, in other words, this is the
comprehensive inﬂuence of temperature and strain rate. Q (J/
mol) is the apparent activation energy of the deformation, a
reﬂection of complexity of deformation. n is the stress exponent,
the reciprocal of strain rate sensitivity index m. R (8.314 J/K) is
the universal gas constant. A and α are material’s parameters.
In addition to hyperbolic sine function, there are other
models to build constitutive equations. The power law function
(Eq. (3)) is preferred for relatively low stresses (αso0.8)
while the exponential law function is used for high stresses
Fig. 4. Peak stress and peak strain under different deformation conditions.
Fig. 5. Linear relationship ﬁtting result: (a) ln _ε ln s (b)ln _εs.
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and α¼β/n1.
αso0:8ð Þ_ϵ ¼ A1sn1exp Q=RT
 
ln s¼ ln _ϵð Þ
n1
 ln A1ð Þ
n1
þ Q
n1RT
ð3Þ
αs41:2ð Þ_ϵ ¼ A2exp βsð Þexp Q=RT
 
s¼ ln _ϵð Þ
β
 ln A2ð Þ
β
þ Q
βRT
ð4Þ
Thus according to Eqs. (3) and (4), the average n1 and β are
4.4082 Mpa1 and 0.0545 Mpa1 respectively measured from
the slop of ðln _ε lnsÞand ðln _εsÞ plot as shown in Fig. 5.
Then α¼β/n1¼0.0124 which is very close to 0.01 usually
used in other investigations.
Taking the logarithm of both sides of the above Eq. (1), then
we get Eq. (5). Evidently, the average n is 3.040 getting from
the slop of ( ln _ϵ ln sinh αsð Þ½ ) plot (Fig. 6).
lnϵ ̇¼ nln sinh αsð Þ½ þ lnAQ=RT ð5Þ
Considering Q independent with_ε and T, computing the
derivative of both side of Eq. (5) with respect of ln_ε and 1/T,
then we can get Eq. (6). In the equation, n is 3.040 and λ, the
average slop of 1T  ln sinh αsð Þ½ 
 
plot (in Fig. 6), is 8.068. SoQ can be calculated as 203:917KJ=mol.
Q¼ R ∂ ln _ε
∂ ln sinh αsð Þ½ 
 
T
∂ ln sinh αsð Þ½ 
∂ 1T
 
( )
_ε
¼ Rnλ ð6Þ
When the value of Q is calculated, the value of Z at different
_ε and T is easy to get according to the equation of
Z¼ _εexp ðQ=RTÞ. Taking the logarithm of both sides of the
above Eq. (2), we get Eq. (7). Therefore, A and n accepted
from the ( ln [sinh αsð Þ–lnZ ) plot (Fig. 7) are e30 s1 and
3.018 accordingly.
InZ¼ InAþn In ½sinhðαsÞ ð7Þ
Finally, a constitutive equation for characterizing the hot
deformation behavior of GW103K alloy based on the apparent
values of Q and n can be expressed as follows:
_ε ¼ e30  sinh 0:0124sp
  	3:018
exp  203917
8:314T
 
To estimate the reliability of the constitutive equation, we
compare the calculated stress using the equation and the
experimental stress (Fig. 8). The correlation coefﬁcient r2 of
linear ﬁtting with a slope of 1 is 0.994 which manifests that the
equation is calculable.
Fig. 6. Linear relationship ﬁtting result: (a) ln _ε ln sinh αsð Þ½  (b) 1T −ln sinh ασð Þ½ .
Fig. 7. Linear relationship ﬁtting result of ln [sinh αsð Þ–lnZ.
Fig. 8. Comparison between experimental and calculated stress.
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Mg alloys have the typical HCP structure with c/a close to
the ideal value 1.633 which has limited slip systems. At room
temperature, Basal slip and twinning are the two dominant
mechanisms. Generally, when deforming at elevatedtemperature, the main deformation mechanism is identiﬁed
as slipping while twinning is not so necessary as a result of the
decrease of non-basal slip CRSSs with temperature. However,
higher strain rate prevents slips from relaxing all the stress and
sequentially generates the stress concentration along grain
boundaries. In the present study, twinning was observed at a
high strain rate of 101 s1 at all temperatures and lower
strain rate of 102 s1 at 350 1C, 375 1C. Fig. 9(a) shows that
the twinning is still considerable at 450 1C, 101 s1. By
EBSD analysis, the main twinning type is the tensile twinning
{10–12} (marked with blue lines in Fig. 9(b))
DRX was found at all the deformation conditions in the
present study. Fig. 10 shows the DRXed microstructure at the
strain rate of 103 s1 as the strain is 1.10. The DRXed grains
were obvious at temperatures higher than 400 1C as shown in
Fig. 10 (b) and (c). However, very ﬁne DRXed grains also
were found by TEM at the alloys deformed at lower
temperatures as shown in Fig. 10 (a) and Fig. 11(a). Appar-
ently, the higher the temperature is, the more complete the
DRX is. As shown in Fig. 10(c), the initial grains are fully
taken place by the ﬁner DRXed grains when deforming to the
strain of 1.10 at 450 1C and under strain rate of 103 s1.
A number of precipitations with irregular shapes were found
mainly distributed along the initial grain boundaries, indicating
that dynamic precipitation occurred during deformation at
temperatures lower than 450 1C, as shown in Fig. 11. The
precipitates were identiﬁed as phases with richer Gd and Y
elements. It should be noted that dynamic precipitation and
dynamic recrystallization occurred simultaneously during
deformation. The effect of dynamic precipitation on the
dynamic recrystallization process is very interesting and still
under studying.
4. Conclusions
The hot compression characteristics of GW103K alloy have
been investigated by isothermal compression test on the
Gleeble-3500 thermo-mechanical simulator with the tempera-
ture range of 350–550 1C and the strain rate range of 104–
101 s1. The results are summarized as follows:
Fig. 9. Deformation microstructure of GW103K deformed to strain 0.18 at 450 1C 101 s1: (a) OM shows considerable twinning; (b) EBSD mark out the
twinning {10–12} with blue lines.
Fig. 10. DRXed microstructures of GW103K at 103 s1 as strain is 1.10: (a)T¼350 1C; (b)T¼400 1C; (c) T¼450 1C.
Fig. 11. Microstructure observations by TEM at deformation conditions: (a) T¼350 1C, _ε ¼ 103s1,ε¼ 0:70; (b) T¼400 1C, _ε ¼ 101s1, ε¼ 1:10.
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((
(
(
T. Zheng et al. / Progress in Natural Science: Materials International 26 (2016) 78–84841) At the studied deformation conditions, slip is the dominant
mechanism while twinning as an auxiliary way occurrs at
fast strain rate.
2) Dynamic recrystallization takes place at all deformed alloys.
The higher the temperature is, the more complete the DRX
is. Especially, the initial grains are fully taken place by the
ﬁner DRXed grains when deforming to the strain of 1.10 at
450 1C, strain rate of 103 s1.
3) All the strain–stress curves show peak indicative of DRX.
The peak stress in the range of 10–230 Mpa and peak strain
in the range of 0.02–0.2 decreases with the increase of
temperature and the decrease of strain rate. This is due to
the balance of dislocation storage and DRX at different
deformation conditions.
4) The constructive equation of _ε ¼ e30  sinh 0:ð½
0124spÞ3:018exp  2039178:314T
 
is obtained for the deformation
of the present Mg–10Gd–3Y–0.5Zr alloy and the rate-
controlling is identiﬁed as the viscous glide mechanism
with the stress exponent around 3.
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